lipoprotein cholesterol (HDL-c). We aimed to investigate the association between HDL-c levels and allcause mortality using data from an observational cohort study in northern China from 2006 to 2015. The study population was stratified into six groups by HDL-c levels in mg/dl (<40, 40-49, 50-59, 60-69, 70-79, ≥80). Cox hazards regression models were used to estimate the association between HDL-c levels and all-cause mortality. In total, 100,070 participants (aged 51.9 ± 12.7 years) were included in the current analysis. During a mean follow-up of 8.76 years, 7,362 deaths were identified (mortality rate, 8.40 per 1000 person-years). There was a significant interaction effect between age and HDL-c levels (p for interaction < 0.001). Among individuals aged 65 and older, no significant association was found between HDL-c levels and total mortality. in contrast, HDL-c levels showed a U-shaped relationship with all-cause mortality in younger participants (<65 years old), and very high HDL-c levels (≥80 mg/dl) were independently associated with increased total mortality risk compared with the reference level (60 to 69 mg/dl). These findings suggest that very high HDL-c levels may not represent a good prognosis, especially in younger individuals.
values, and cardiovascular risk factors. Thus, the study provides us a unique opportunity to quantify the hazards of all-cause mortality across the full range of HDL-c levels using both unadjusted and adjusted models.
Methods
Study design and participants. The Kailuan Study is a prospective cohort based on the Kailuan community in Tangshan city in northern China, which represents the Chinese population from a socioeconomic perspective. Details of the study have been described elsewhere 18 .
Participants at baseline (2006) (2007) included 101510 men and women, aged 18 to 98 years, who completed questionnaires by interviews and had clinical examinations that were conducted in the 11 hospitals responsible for the healthcare of this community. These participants were then followed through 2014-2015 with repeated questionnaires and clinical and laboratory examinations every two years.
The inclusion criteria of the current study were (1) 18 years of age or older, (2) participation in the first examination, and (3) signed agreement to participate in this study and informed consent. The exclusion criteria were (1) incomplete information for blood lipids and other relevant covariates, (2) pregnancy during the examination period, and (3) refusal to sign the informed consent. A total of 100070 participants were under current analysis. We then followed these participants from the baseline examination to the data of death or until they were otherwise lost to follow-up. The diagnosis of all-cause death (except accidental) was determined and recorded by state vital statistics offices.
The protocol for this study was in accordance with the guidelines of the Helsinki Declaration and was approved jointly by the Ethics Committee of the Kailuan General Hospital and the First People's Hospital of Changzhou. All participants gave their written informed consent.
Determination of blood lipids. Blood samples were collected from the antecubital vein in the morning after an overnight fasting period and transferred into vacuum tubes containing ethylene diamine tetraacetic acid (EDTA) for processing. Detailed information is available elsewhere 19 . Briefly, the samples were centrifuged at 3000 × g for 10 minutes within 4 hours of storage. HDL-c, low-density lipoprotein cholesterol (LDL-c), total cholesterol, and triglycerides were measured by an enzymatic method (Mind Bioengineering Co. Ltd, Shanghai, China; interassay CV: <10%). All blood variables were measured using an autoanalyzer (Hitachi 747; Hitachi, Tokyo, Japan) at the central laboratory of the Kailuan General Hospital.
Determination of covariates.
Demographic data and smoking status, alcohol intake, education level, physical activity and information regarding CVD were collected from questionnaires at baseline in 2006. Detailed procedures on covariate measurements have been described elsewhere 20 . Anthropometric parameters and blood pressure were measured during the interview. Diabetes mellitus was defined based on a fasting blood glucose value ≥7.0 mmol/L or medical treatment for diabetes. Hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg or use of antihypertensive medications. Chronic kidney disease (CKD) was defined as the estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m2, calculated using the CKD-EPI formula. Prevalent CVD were defined as prior physician-diagnosed myocardial infarction and stroke.
Statistics analysis.
To investigate the relationship between full ranges of HDL-c levels and mortality, the individuals were stratified into predetermined groups based on HDL-c levels in mg/dl (<40, 40 to 49, 50 to 59, 60 to 69, 70 to 79, and ≥80). Continuous data were expressed as the mean ± standard deviation and compared using one-way ANOVA or nonparametric tests. Categorical variables were described by percentages and compared using the chi-square test.
Survival curves were calculated using the Kaplan-Meier method, and the differences in survival probability between HDL-c levels were compared using the log-rank test. Cox proportional hazard models were used to calculate the survival models by hazard ratios and 95% CIs after verifying the proportional hazards assumption with Schoenfeld residuals. Reference groups were the strata containing the levels of HDL-c associated with the lowest mortality rates. The association between HDL-c levels and all-cause mortality was tested by an unadjusted model initially and then adjusted for potential confounders, including age, sex, education, physical activity, smoking, drinking, body mass index, non-HDL-c, triglycerides, hypertension, diabetes mellitus, CKD, and history of myocardial infarction, stroke, and malignancy.
Interactions between HLD-c levels and age, sex, BMI, and LDL-c levels were tested by adding the cross product of two variables into the main effects model. A significant interaction effect on all-cause mortality was identified between HDL-c levels and age, but not for other factors. Thus, the data were stratified by age and analyzed separately for the elderly (≥65) and younger (<65) participants 21 .
To avoid the potential bias resulting from occult diseases at baseline, individuals were subsequently stratified by hypertension, diabetes mellitus, CKD, and CVD. In addition, sensitivity analyses were conducted by excluding individuals with malignancy and CVD at baseline, lipid-lowering medication users, and participants who died in the first year of follow-up.
A P value < 0.05 was considered statistically significant, and all statistical tests for significance were 2-tailed. Statistical analyses were performed using SAS software, version 9.1 (SAS Institute, Cary, North Carolina, USA) and SPSS 13.0 (SPSS Inc, Chicago, IL).
Results
Baseline characteristics. General characteristics of the study population by HDL-c level strata are presented in Table 1 . The mean age of the participants was 51.91 years, and 79.9% were men. The mean HDL-c level was 59.73 mg/dl, the mean non-HDL-c level was 131.27 mg/dl, and the mean triglyceride level was 112.39 mg/dl. Older participants, women, and those who had a higher daily alcohol consumption and higher blood pressure were more likely to have a high level of HDL-c. Conversely, individuals with lower HDL-c levels had comparatively higher BMI, estimated glomerular filtration rate, non-HDL-c level, and prevalence of stroke and myocardial infarction. There was no consistent relationship between LDL-c and HDL-c levels, whereas total cholesterol was positively and linearly related to HDL-c levels.
Mortality and HDL-c levels.
During a mean follow-up of 8.76 years, 7,362 deaths from various causes were identified among the 100,070 participants. The overall mortality was 8.40 (95% CI 8.21 to 8.59) per 1000 person-years. There was a significant interactive effect between age and HDL-c levels on all-cause mortality (P for interaction <0 0.001). In contrast, no significant modifying effects of sex and other factors with HDL-c levels were found. Table 2 shows the mortality rate across HDL-c levels in younger (<65) and older (≥65) participants separately. Individuals at the HDL-c level ranging from 60 to 69 mg/dl and in the highest HDL-c stratum (≥80 mg/dl) had the lowest overall mortality rate of the younger and older participants, respectively. The survival curves of younger and older individuals according to HDL-c levels are presented in Supplemental Fig. 1A,B .
The unadjusted and multivariable adjusted hazard ratios of all-cause mortality in younger and older subjects are shown in Table 2 . The HDL-c stratum with the lowest mortality rate was set as the reference group (60 to 69 mg/dl for younger individuals and ≥80 mg/dl for older participants). In the younger group, the lowest stratum (<40 mg/dl) (HR: 1.16, 95% CI: 1.01 to 1.35) and highest 2 strata (70-79 mg/dl and ≥80 mg/dl) of HDL-c levels (HR: 1.13 and 1.49; 95% CI: 1.00 to 1.27 and 1.32 to 1.69) were associated with a high risk for total mortality compared with the reference group ( Table 2 ). The increased mortality risk of the highest level (≥80 mg/dl) remained significant after multivariable adjustment. For the older group, the lowest category of HDL-c (<40 mg/dl) had increased risks for total mortality (HR 1.20; 95% CI 1.03 to 1.39) compared with the highest stratum (≥80 mg/ dl). However, the association became nonsignificant when further adjusted for age and other covariates ( Table 2) .
The analyses were repeated stratifying by sex ( Fig. 1A,B ) and chronic diseases, including hypertension, diabetes mellitus, CKD, and CVD (Table 3 ). Among younger participants, similar results were found between various subgroups except in female and CKD participants ( Fig. 1A and Table 3 ). The level of lowest risk of total mortality in females was 70-80 mg/dl. In older participants, the inverse linear trend became more apparent in individuals without hypertension and diabetes and in those with CKD ( Table 3 ). The second highest stratum of HDL-c levels (70-79 mg/dl) had lowest overall mortality rates among the elderly participants with CVD, and the association was marginally significant. www.nature.com/scientificreports www.nature.com/scientificreports/ Sensitivity analysis. To avoid the possibility that these results were driven by potential confounders instead of HDL-c levels, individuals with a history of malignancy and CVD at baseline and those took lipid-lowering medication were excluded separately ( Table 4 ). Sensitivity analyses were also conducted by excluding deaths that occurred during the first year of follow-up. As a result, the association between very high level of HDL-c and all-cause mortality in younger individuals and the modifying effect of age on elderly participants remained unchanged.
Discussion
In this large cohort study including 100,070 unselected individuals, the association between HDL-c levels and all-cause mortality was varied in different age groups, as no significant association was found in elderly participants and a likely U-shaped association existed in individuals younger than 65. These associations were independent of lifestyle factors, clinical factors, and chronic diseases.
Low levels of HDL-c are associated with the development of cardiovascular mortality 2, 3, 22 . Notably, recent evidence has shown that low HDL-c levels also increase cancer and non-CV/cancer mortality risk 4 . However, when focused on elderly individuals, the association between HDL-c levels and total mortality becomes controversial 23, 24 . Our results found that lower HDL-c levels were related to high all-cause mortality in elderly participants. However, these associations became nonsignificant when further adjusted for age and other confounders. Notably, as age increases, it becomes more important in the prediction of mortality, which may diminish the predictive value of other risk factors 25 . Nonetheless, elderly individuals are more likely to be affected by coronary artery diseases (CAD), and more than 80% of individuals who die from CAD are aged over 65 26 . Thus, the predicative value of the lipid profile may be higher in the elderly population. However, this hypothesis could not be confirmed by HDL-c levels in our cohort. The results from a meta-analysis also found that the risk of high total cholesterol to CAD mortality was attenuated in the subgroup analysis of older adults 27 . HDL-c was once recognized as a potential target for therapeutic modification by many researchers 28, 29 . Recent trials have focused their interest in effectively increasing HDL-c levels by administering niacin or cholesteryl ester transfer protein (CEPT) inhibitors. However, these therapies failed to improve clinical outcomes compared with placebo groups 8, 9, 11, 12 . Moreover, in several contemporary studies, the protective effect of HDL-c was lost in certain patients, such as those with CAD or coronary artery bypass graft surgery [30] [31] [32] . Results from a pooled analysis of 6 community-based cohorts found elevated hazards of total mortality in the highest categories of HDL-c in men 15 . Moreover, recent evidence from large cohorts depicted a U-shaped association between HDL-c levels and mortality risk 33, 34 . However, none of these studies focused on age-modifying effects on the relationship between HDL-c levels and all-cause mortality. In the present study, a very high level of HDL-c (≥80 mg/dl) was significantly associated with a high risk of all-cause mortality in individuals younger than 65. The association was independent of other cardiovascular factors and remained consistent in subgroup and sensitivity analyses. Thus, our finding strengthens the notion that increasing the level of HDL-c absolutely may not guarantee good prognosis, and the modification effect of age should be considered in HDL-c for mortality risk stratification.
Interestingly, though no significant association was found between HDL-c levels and total mortality in the elderly, a U-shaped association similar to the pattern in younger participants was revealed in older individuals stratified by CVD at baseline. Similarly, Ding et al. found that high (≥70 mg/dl) levels of HDL-c have a significantly higher risk of all-cause and CVD mortality than the reference level (HDL-c ranging from 40 to 49 mg/dl) 30 . These findings indicate that though HDL-c has apparent antiatherogenic effects, a very high level of HDL-c may not necessarily represent protective effects and a good prognosis in CVD patients.
We are unable to illuminate the exact mechanism by which very high levels of HDL-c (≥80 mg/dl) contribute to all-cause mortality in individuals younger than 65. Genetic variance should be taken into consideration, as several studies using Mendelian randomization cast doubts on the causative role of HDL-c in protecting against CVD 16, 35, 36 . Furthermore, the association between HDL-c levels and mortality may be mediated through closely intertwined relationships with other risk factors. As seen in our cohort, individuals with high HDL-c are more likely to have increased alcohol consumption, high total cholesterol levels, and high blood pressure. Paunio et al. once suggested that increased alcohol intake may confound the association between HDL-c and mortality in men 37 . However, in our study, high levels of HDL-c was consistently associated with high total mortality risk after adjusting for alcohol use.
Some limitations of our study should be noted. First, we were unable to investigate the association between HDL-c levels and cause-specific mortality due to a lack of specific death certificate reports. Second, our study focused on the level of HDL-c because it is routinely tested in primary care. The other important aspects of HDL-c, such as the particle sizes or function of HDL-c, were not available at the population level. Third, the present participants included an occupational population in northern China with more men than women. Therefore, the results should be treated with caution when extrapolated to other populations. Despite these limitations, our study has apparent strengths, such as a large sample size with enough power to conduct subgroup analyses, a relatively long follow-up time, an extensive range of HDL-c levels, and the wide range of detailed covariate data.
conclusion
Our results, based on a large cohort in northern China, found that young individuals with very high HDL-c levels may have increased all-cause mortality risk and that elderly participants also may not benefit from a high level of HDL-c. Future research is warranted to confirm these findings and further investigate the underlying mechanisms.
